Microsatellite unstable cancers account for up to 15% of sporadic colon cancers and are predominantly located in the proximal colon. These cancers commonly show MLH1 promoter methylation and the CpG island methylator phenotype (CIMP). A potential precursor of sporadic unstable cancers, the proximal hyperplastic polyp, is also reported to have CIMP and MLH1 methylation. However, this latter finding is not supported by MLH1 protein expression studies. To help resolve this apparent discrepancy, we determined MLH1 promoter methylation and CIMP by quantitative real-time PCR for 29 proximal hyperplastic polyps, 23 distal hyperplastic polyps, and 11 sporadic microsatellite unstable colon cancers. BRAF V600E mutation status was also determined. Positive methylation was defined as the percentage of methylated reference (PMR) 410. Only 1 of 29 proximal hyperplastic polyps showed positive MLH1 methylation (PMR of 13.0). Neither this polyp nor seven other proximal polyps with PMR values between 0 and 10 showed loss of MLH1 protein expression by immunohistochemistry. In contrast, all 11 microsatellite unstable cancers showed high degrees of MLH1 methylation, with PMR values 430. Fourteen of twenty-nine (48%) of the proximal hyperplastic polyps and 1 of 23 (4%) of the distal hyperplastic polyps showed CIMP (Po0.001). Of the unstable cancers, 10 of 11 showed CIMP. The PMR values in the CIMP-positive proximal hyperplastic polyps were significantly lower than those of the unstable cancers for 4 of the 5 CIMP markers (Po0.05). BRAF V600E mutations were seen in 83% of proximal and 74% of distal hyperplastic polyps. Quantitative analysis of MLH1 methylation does not support earlier reports of MLH1 methylation in proximal hyperplastic polyps. However, these lesions do harbor promoter methylation at other CIMP loci, although at a lower level than that seen in unstable cancers. If these polyps are the precursor for sporadic microsatellite unstable cancers, then MLH1 methylation and higher degrees of promoter methylation in general occur at a later stage of carcinogenesis.
Although most colon cancers are thought to arise through the adenoma-carcinoma pathway, an alternative 'serrated pathway' is now well recognized. 1 Cancers arising through this pathway are characterized by microsatellite instability (MSI), rather than the chromosomal instability seen in the adenomacarcinoma pathway. 1, 2 Microsatellite unstable cancers account for up to 15% of sporadic colon cancers and are predominantly located in the proximal colon. 3 In addition to MSI, these cancers also commonly exhibit widespread CpG island methylation, or the CpG island methylator phenotype (CIMP), and BRAF mutations. 4, 5 In sporadic cancers, MSI typically arises from the loss of MLH1 expression due to promoter methylation. 6 Traditionally hyperplastic polyps were presumed to be non-neoplastic without malignant potential; however, these lesions, or at least a subset of these lesions, are now presumed to be the precursor in the 'serrated pathway'. 1, 2 Thus, multiple studies have been undertaken to better characterize hyperplastic polyps and to determine which are clinically relevant. 2, [7] [8] [9] [10] [11] Like microsatellite unstable cancers, these polyps have been shown to exhibit CIMP [7] [8] [9] [10] [11] and BRAF mutations; [7] [8] [9] [10] [11] however, they do not show high level microsatellite instability. [7] [8] [9] [10] Hyperplastic polyps have also been reported to have MLH1 promoter methylation. [7] [8] [9] This finding, however, is somewhat puzzling given that these lesions do not show loss of MLH1 protein expression by immunohistochemistry. 7, 12 Assessments of promoter methylation in MLH1 and other genes have typically been performed using methylation-specific PCR with agarose gelbased detection. Recently, quantitative methods, including MethyLight, have been employed to study methylation status in multiple cancers. [13] [14] [15] [16] MethyLight employs both methylation-specific primers for amplification and methylation-specific probes for detection. In addition, amplification of a reference gene allows for normalization of the input DNA and provides a semi-quantitative assessment of the degree of methylation.
Although MethyLight has been employed for the assessment of methylation in microsatellite unstable colon cancers, 5, 17 it has not been used in the characterization of potential precursor lesions. As the MLH1 methylation reported in previous studies of hyperplastic polyps does not correspond to loss of MLH1 protein expression or MSI, we examined promoter methylation levels in these lesions using MethyLight to determine if quantitative measurement might provide a more biologically relevant assessment. In addition, as sporadic microsatellite unstable cancers are predominantly located in the proximal colon, and if hyperplastic polyps are indeed a precursor to these cancers, then a comparison of the molecular characteristics of proximal and distal polyps is of particular interest. To this end, we evaluated promoter methylation of MLH1 and other CIMP markers in proximal and distal hyperplastic polyps. For comparison we also examined methylation status in microsatellite stable and unstable cancers, and normal mucosa. Results of MLH1 methylation were compared with MLH1 protein immunostaining for corresponding samples. In addition, we examined the frequency of BRAF mutations in these lesions.
Materials and methods

Specimens
A search of hyperplastic polyps from the dates August 2007 to January 2008 was performed from the University of Utah surgical pathology files. At this time the term 'hyperplastic polyp' was used to refer to any non-dysplastic serrated lesion, including lesions that have otherwise been termed 'sessile serrated adenomas' or 'serrated polyps with abnormal proliferation.' 8, 18 We did not include any mixed lesions or cases with hyperplastic polyposis. 19 The specimens consisted of 29 proximally located hyperplastic polyps, from 29 patients, and 23 distally located (splenic flexure, descending colon and rectum) hyperplastic polyps, from 23 patients. Polyp sizes obtained from endoscopy reports showed that 10 of 26 proximal and 4 of 23 distal polyps were 0.5 cm or larger. (Sizes were not available for three of the proximal hyperplastic polyps.).
In addition, 11 microsatellite unstable cancers, 19 microsatellite stable cancers, and 12 proximal normal mucosa specimens were also included. Of the 19 microsatellite stable cancers, 11 were proximally located and eight were distally located. The normal mucosa specimens were obtained from 12 of the cases with proximal hyperplastic polyps. All of the microsatellite unstable cancers had previously been determined to be positive for the BRAF V600E mutation and to lack MLH1 protein expression. This was done in an attempt to avoid unstable cancers associated with hereditary non-polyposis colorectal cancer (HNPCC or Lynch syndrome).
All samples were obtained with approval from the University of Utah IRB.
DNA Extraction
Microdissection and DNA extraction was performed as described previously. 20 Areas of interest within the biopsies were identified using hematoxylin-and eosin-stained sections. Tissue was then microdissected from corresponding aniline blue-stained slides. Dissected tissue was treated with 200 mg of Proteinase K (Qiagen, Valencia, CA, USA) in 200 ml TE buffer with 1% Tween 20 overnight at 651C. Samples were then boiled for 10 min and centrifuged. No additional purification of the DNA was performed.
Promoter Methylation Assessment by MethyLight
The methylation status of the promoter regions of MLH1, CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1 were determined using MethyLight as previously described. [13] [14] [15] DNA lysates were first sodium bisulfite treated using the EZ DNA Methylation Kit (Zymo Research, Orange, CA, USA). All steps were performed according to the kit protocol.
Converted DNA was amplified by real-time PCR using previously described 5 methylation-specific primers. The DNA was also amplified for COL2A1 16 to allow for normalization of the amount of input converted DNA. Methylation-specific dual-labeled probes were included in each reaction. Primer and probe sequences are available in Supplementary  Table 1 . Each 20 ml reaction contained 2 ml of bisulfite-treated DNA, 0.3 mM each primer, 0.1 mM probe, and 1 Â AmpliTaq Gold PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Amplification was performed on the Applied Biosystems 7900HT and entailed an initial denaturation at 951C for 2 min followed by 45 cycles of denaturation (951C for 10 s) and annealing/elongation (601C for 1 min).
Standard curves for each target reaction were generated by amplifying serial dilutions of sodium bisulfate-converted Universal Methylated Human DNA Standard (Zymo Research). The level of methylation (percentage of methylated reference (PMR)) in each DNA sample was determined by comparing the crossing threshold of each reaction to its respective standard curve and then calculating the ratio of the concentration of the target gene to the concentration of COL2A1 and multiplying by 100.
The CpG Island Methylator Phenotype
CpG island methylator phenotype (CIMP) status was determined using the criteria set forth by Weisenberger. 5 This CIMP panel consists of CpG islands from the following genes: CACNA1G, IGF2, NEU-ROG1, RUNX3, and SOCS1. PMR values 410 were defined as positive, and the designation of CIMP was applied to all samples with methylation at 3 or more loci. As MLH1 is not part of this panel, methylation of the promoter region of this gene was considered separately.
In addition to the determination of CIMP status, PMR values of the CIMP-positive proximal hyperplastic polyps and the CIMP-positive sporadic microsatellite unstable cancers were compared.
MLH1 Immunohistochemistry
All hyperplastic polyp samples that showed any level of MLH1 promoter methylation (even PMRs between 0 and 10) were subsequently analyzed for MLH1 protein expression. All staining steps were performed on the automated immunostainer from Ventana Medical Systems (Tucson, AZ, USA). A mouse monoclonal antibody for MLH1 (clone G168-15; BD Pharmingen, San Diego, CA, USA) was applied for 32 min at a dilution of 1:40. The IView DAB detection kit (Ventana Medical Systems) was used for detection, and sections were counterstained with hematoxylin. 21 
BRAF V600E Assessment
The DNA samples were analyzed for the BRAF V600E mutation by melting curve analysis on the LightCycler (Roche Applied Science, Indianapolis, IN, USA). Samples were amplified for BRAF exon 15 using the forward primer 5 0 -CTCTTCATAATGCCT GCTCTGATAGG-3 0 and the reverse primer 5 0 -TAGT AACTCAGCAGCATCTCAGG -3 0 . The reaction also included the following hybridization probes: 5 0 -AG CTACAGTGAAATCTCGATGGAG-fluorescein-3 0 and 5 0 -LCRed 640-GGTCCCATCAGTTTGAACAGTTGTC TGGA-3 0 . Each 20 ml reaction contained 0.2 ml DNA lysate, 0.5 mM each primer, 0.2 mM each probe, 1 Â Roche LightCycler DNA Master HybProbe (containing Taq polymerase, dNTPs, and buffer), and 3 mM MgCl 2 . Cycling entailed initial denaturation at 951C for 5 min followed by 45 cycles of denaturation (941C for 1 s), annealing (551C for 20 s), and elongation (721C for 40 s). Amplification was followed by a melting from 45 to 721C at a rate of 0.11C/second.
Melting curve analysis was performed using the LightCycler software, version 3.5. Melting curves with a T M of 64-661C are indicative of a wild-type sequence. Melting curves with a T M of 58-601C are indicative of a V600E mutant sequence.
Statistical Analysis
Two-sample proportion tests were used to compare the differences in CIMP-positive frequency between the proximal hyperplastic polyps and the other sample types. The Wilcoxon two-sample test was used to compare the PMR values of the CIMPpositive hyperplastic polyps and the PMR values of the CIMP-positive sporadic microsatellite unstable colon cancer samples at each locus. Results were considered statistically significant for Po0.05. All calculations were performed using SAS software, 
Results
MLH1 Methylation
Only 1 of 29 of the proximal hyperplastic polyp samples showed MLH1 promoter methylation, with a PMR of 13.0. An additional seven proximal hyperplastic polyps showed very low levels of methylation with PMR values o10. None of the distal hyperplastic polyps showed MLH1 promoter methylation. In contrast, all of the sporadic microsatellite unstable cancers showed MLH1 promoter methylation, with PMR values all greater than 30. The 19 microsatellite stable cancers and 12 proximal normal mucosa samples were negative for any level of MLH1 promoter methylation.
MLH1 Immunohistochemistry
Immunohistochemistry results for the eight proximally located hyperplastic polyps that showed any level of MLH1 methylation, including the polyp with PMR of 13.0, showed normal MLH1 protein expression.
CpG Island Methylator Phenotype
Fourteen of 29 (48%) proximal hyperplastic polyps showed CIMP (three or more methylated CpG islands with PMR 410, excluding MLH1), whereas only 1 of 23 (4%) distal hyperplastic polyps showed CIMP. This difference was statistically significant (Po0.001), as shown in Table 1 . In comparison, 10 of 11 of the sporadic microsatellite unstable cancers were positive for CIMP. None of the stable cancers or normal mucosa samples showed CIMP.
CIMP was seen in 7 of 16 proximal hyperplastic polyps o0.5 cm and 6 of 10 proximal hyperplastic polyps 0.5 cm or larger. The single distal hyperplastic polyp with CIMP was smaller than 0.5 cm.
Quantitative Comparison of Methylation Levels
A comparison of the methylation levels in CIMPpositive proximal hyperplastic polyps and CIMPpositive microsatellite unstable cancers is shown in Figure 1 . (CIMP-negative samples were not included so as to provide a direct comparison of samples with widespread methylation). The PMR values in the proximal hyperplastic polyps were lower than the corresponding PMR values in the unstable cancers for all five CpG islands; this was statistically significant in four of the five CpG islands.
BRAF Mutation Status
The BRAF V600E mutation was detected in 24 of 29 (83%) of the proximally located hyperplastic polyps. This included 13 of 14 CIMP-positive and 11 of 15 CIMP-negative proximal polyps. In the distal hyperplastic polyps, 17 of 23 (74%) harbored the BRAF V600E mutation, including the single CIMP-positive sample. Of the 18 stable cancers that were successfully amplified, only two harbored the BRAF V600E mutation. Both of these stable cancers were proximally located; however, neither of them showed CIMP.
Discussion
A semi-quantitative assessment of MLH1 promoter methylation does not support previous reports of MLH1 methylation in hyperplastic polyps of either the proximal or distal colon. Previous studies have used methylation-specific PCR and gel-based detection.
2,7-9 As originally described, this method can detect methylated alleles present at a prevalence of 0.1%. 22 Although we did see evidence of some methylation in 8 of 29 proximal hyperplastic polyps, only one of these met the minimum requirement of a PMR of 10, and the PMR for this polyp was only 13. In contrast, PMR values greater than 30 were observed in all of the sporadic microsatellite unstable cancers. Subsequent immunohistochemical staining for MLH1 in the eight hyperplastic polyp samples in this study with any degree of MLH1 methylation showed the presence of MLH1 protein. Thus, previous reports of MLH1 methylation in polyps that showed no loss of MLH1 protein or associated microsatellite instability may be explained by the oversensitivity of methylationspecific PCR. The apparent contradiction between the detection of MLH1 promoter methylation and the preservation of MLH1 protein expression has been noted before. 7 It was suggested that this might be because of the detection of hemimethylation of alleles which would not result in complete loss of expression. Our current results, in which a semi-quantitative assay shows little if any MLH1 methylation, suggest that the previously used nonquantitative methylation-specific PCR may have been overly sensitive and that significant, biologically relevant MLH1 methylation was simply not present.
Although we did not observe MLH1 methylation, CIMP was observed in approximately half of the proximally located hyperplastic polyp samples in this study. There is a significant difference between these polyps and those located in the distal colon, where only 1 of 23 were CIMP-positive. Differences between methylation levels in these two locations have previously been reported, 8 although here the use of a semi-quantitative assessment further emphasizes this distinction. The proportion of CIMP in proximally located polyps is also significantly greater than that seen in proximal and distal stable cancers and in normal mucosa samples. The presence of CIMP in proximal hyperplastic polyps supports their role as a precursor to the sporadic unstable cancers, of which 10 of 11 were CIMPpositive. However, even among CIMP-positive samples, there is a distinction between the methylation seen in proximally located hyperplastic polyps and unstable cancers. A comparison between the PMR values for the CIMP-positive proximal polyps and the microsatellite unstable cancers showed significantly higher methylation in the unstable cancers (see Figure 1) . It should be noted that the frequency of CIMP and MLH1 methylation in unstable cancers seen in this study (91 and 100%, respectively) is slightly higher than that seen in some previous studies; for example, Ogino et al 23 reported CIMP in 73% of unstable cancers and in our previous study 4 we reported MLH1 methylation in 72.5% of these tumors. This is probably because the unstable cancers evaluated in this study were chosen based upon the presence of BRAF mutations and loss of MLH1 immunostaining. This was done to exclude, as much as possible, microsatellite unstable cancers associated with Lynch syndrome (HNPCC), as these tumors typically do not harbor BRAF mutations. 24 The precursor of Lynch syndromeassociated colorectal adenocarcinomas is considered to be the adenomatous polyp;
25,26 because we were trying to study the relevance of hyperplastic polyps to sporadic unstable cancers, Lynchassociated tumors would not have been an appropriate reference point.
The BRAF V600E mutation, in contrast to MLH1 methylation and CIMP, appears to be a common and early event in proximally located hyperplastic polyps. Similar results have been observed in numerous studies. 7, [9] [10] [11] However, there seems to be no appreciable difference between the frequency of BRAF mutation seen in proximal hyperplastic polyps and distal hyperplastic polyps. The high level of BRAF mutations in both proximal and distal hyperplastic polyps suggests that although this may be an early event in the development of sporadic unstable cancers, it is not a useful marker for identifying clinically relevant serrated pathway precursors. In addition, and in contrast to the situation with colorectal cancers, 4, 5 no correlation between CIMP and BRAF mutations in hyperplastic polyps was observed (data not shown).
In this study, we chose not to histologically classify types of hyperplastic polyps, but rather to focus on their location within the colon. Polyp site is important because microsatellite unstable cancers predominantly occur in the proximal colon, and thus one would expect the associated precursor lesions to also present there. We then used a strictly molecular approach to try to differentiate polyps that may be biologically relevant precursors from those which are not. Previously used histological designations, which have centered on fairly subtle architectural criteria, can be difficult to reproduce. 27, 28 Moreover, in our experience the architectural features deemed to be important are seen in most proximally located hyperplastic polyps. Regardless, when defined histologically, sessile serrated polyps, the putative precursor lesion, appear to comprise B40% of the proximally located hyperplastic polyps 8, 18 and thus should have been amply represented in our study.
The semi-quantitative nature of MethyLight provides additional insight into the nature of methylation in hyperplastic polyps. This method is able to differentiate between high levels of methylation and low levels that may not be biologically relevant. The quantitative measurement performed here identified, at most, only low levels of MLH1 methylation in hyperplastic polyps and thus provides an explanation for the previously discordant observation that MLH1 expression, as measured by immunostaining, is preserved in these lesions. This semi-quantitative assessment also showed that while approximately half of proximal hyperplastic polyps exhibit CIMP, the degree of methylation at individual loci is less than that seen in sporadic microsatellite unstable cancers. In addition, we observed that the frequency of CIMP in proximal hyperplastic polyps was much higher than that in distal hyperplastic polyps, suggesting that proximally located hyperplastic polyps may be precursors in the progression to unstable tumors and, perhaps, to CIMP high stable cancers, both of which are also predominantly located in the proximal colon. BRAF mutations, however, do not appear to be localized in the proximal colon. Lastly, if hyperplastic polyps are precursor lesions, then MLHI methylation and high levels of CIMP occur at a later stage of carcinogenesis. These results are consistent with studies of hyperplastic polyps in continuity with dysplasia and/or cancer, as loss of MLH1 immunostaining only occurs in the setting of dysplasia or cancer. 12 In summary, this study, which represents the first quantitative assessment of promoter methylation in hyperplastic polyps, provides an explanation for previous contradictory results with respect to MLH1 methylation, MLH1 immunohistochemistry, and MSI in these lesions. If these polyps are the precursor for sporadic microsatellite unstable cancers, then MLH1 methylation and higher degrees of promoter methylation in general occur at a later stage of carcinogenesis.
